Introduction from the Outer but Not from the Inner Segments Several different processes and mechanisms are known
The ISs and OSs differed in how they responded to to regulate intracellular free calcium ([Ca 2ϩ ]i) in neurons manipulations known to alter Na ϩ /Ca 2ϩ exchange. It has (reviewed by Carafoli, 1991 and Pozzan et al., 1994) .
been demonstrated in earlier studies that Li ϩ and choline [Ca 2ϩ ]i may be controlled regionally within individual cannot substitute for Na ϩ in activation of Na ϩ /Ca 2ϩ exneurons (Lipscombe et al., 1988; Yuste et al., 1994; Kachange (Blaustein and Hodgkin, 1969; Yau and Nakatani, valali et al., 1997) ; however, there is little data showing 1984). Also, high external potassium and low external such compartmentalization or elucidating how calcium sodium can inhibit the exchanger and cause it to switch could be differentially regulated in specific regions into a "reverse mode," i.e., to pump calcium into the within a cell via localized influx and extrusion mechacell as opposed to extruding it (the "forward mode"; nisms. Sensory cells provide an advantageous prepara- Schnetkamp 1995) . Figure 1A shows that [Ca 2ϩ ] i rose tion to study the partitioning of calcium regulation berapidly in the IS and more slowly in the OS in response cause the sensory transduction and synaptic signaling to KCl (90 mM, 2.1 min). Immediately following KCl, the compartments are well differentiated structurally. Furrod was superfused with Li ϩ saline (in which all Na ϩ was thermore, the roles of calcium are known to be very replaced by Li ϩ ). In LiCl, outer segment [Ca 2ϩ ]i remained distinct in each region. Calcium regulation of transducelevated following KCl ( Figure 1A ), a result consistent tion, which serves to control the gain (photoreceptors, with inhibition of the exchanger. In some cases, [Ca 2ϩ ]i reviewed by McNaughton, 1990 ; hair cells, Lenzi and actually rose further upon LiCl substitution ( Figure 1B ), Roberts, 1994; olfactory receptors, Kurahashi and Men- which suggests that the exchanger was reversed under ini, 1997), differs from that in the output (synaptic) comthese conditions in this particular rod. Upon restoration partments (Rieke and Schwartz, 1996) . In vertebrate of normal extracellular Na ϩ , the maintained high [Ca 2ϩ ] i photoreceptors, calcium enters the outer segments in the OSs returned to baseline exponentially, with a time constant of 3.0 s. averaged 3.9 Ϯ 0.4 s. This value is similar to the time and cones (n ϭ 9) tested. These observations rule out the possibility that the increases in the OSs were caused courses of Ca 2ϩ extrusion measured in toad rod OSs by calcium influx into the ISs, via L-type calcium chan-‫5.2ف(‬ s; Miller and Korenbrot, 1987) , slower than the nels expressed in the ISs, and subsequent diffusion to value reported for indo-1 dextran-loaded gecko rod OSs the OSs. Taken together, these findings indicate that ‫5.1ف(‬ s; Gray-Keller and Detwiler, 1994) , and between calcium rises in the OSs were most likely attributable the two slower time constants reported for Ca 2ϩ extruto reversal of the Na ϩ /K ϩ , Ca 2ϩ exchange in OSs, and sion from OSs in Fura 2-loaded salamander retinas this exchanger was not functioning to extrude calcium ‫5.1ف(‬ and 7.0 s, respectively; McCarthy et al., 1996) . from ISs in control saline or after KCl-induced depolarIn contrast to the OS, [Ca 2ϩ ] i in the IS, upon switch to izations. Li ϩ , did not stay elevated but declined to baseline values Images of Fura 2-AM ratiometric signals were rewith an exponential time constant of 29.9 s. The average corded to determine the spatiotemporal changes in time constant for calcium clearance from ISs in Na ϩ - [Ca 2ϩ ]i in the photoreceptors. Figure 2 shows that in free Li ϩ saline was 34.2 Ϯ 2.7 s (n ϭ 4), comparable to response to KCl, [Ca 2ϩ ]i rose and fell fastest in the synaprecovery in Na ϩ -containing saline (39.9 Ϯ 4.0 s, n ϭ 15). tic terminal, at the end of the long thin fiber emanating These data confirm that calcium extrusion in the OS is from the spherical inner segment. [Ca 2ϩ ]i in the basal Na ϩ dependent and demonstrate that extrusion from region of the IS rose next fastest and then [Ca 2ϩ ]i rose the IS is Na ϩ independent.
in the apical IS region and the OS. Figure 1B . Here, LiCl elevated [Ca 2ϩ ]i in the in the ISs and OSs. This figure, and many similar ex-OS but not the IS.
periments not shown, also reveal that calcium changes Compartmentalization of [Ca 2ϩ ]i homeostasis was occur faster in the synaptic terminal than in the IS, also observed in experiments in which OSs and ISs were but calcium clearance from both regions is Na ϩ indedepolarized in the presence of nifedipine, a dihydropyripendent. dine blocker of L-type voltage-gated calcium channels.
Extrusion of Ca 2ϩ from outer segments of cone photoWe found that KCl-induced increases of [Ca 2ϩ ] i in rod receptors also relies on Na ϩ -dependent exchange (NaOSs were not prevented by high concentrations of nifedkatani and Yau, 1988) . We were unable to measure ipine (40 M, n ϭ 3). Nifedipine (2-10 M) did block the [Ca 2ϩ ]i signals in cone OSs because they were commonly lost during the isolation procedures (Maricq and KCl-evoked [Ca 2ϩ ] i increases in ISs of all rods (n ϭ 11) (c) were captured 3 and 21 s after KCl application, respectively. The image in (d) was captured 15 s after KCl was replaced by LiCl. The image in (e) was captured 7 s after the return to control saline. These images show that KCl-evoked increases in [Ca 2ϩ ] i occurred most rapidly in the synaptic terminal region and then in the basal region of the inner segment. In LiCl, the IS and synaptic terminal returned to baseline while [Ca 2ϩ ]i in the OS rose, most notably at the tip. The pseudocolor scale representing the 256 gray levels of the 340/ 380 ratios is shown on the bottom; red indicates the largest changes. Scale bar, 10 m. Korenbrot, 1988) . As in the rods, we found that the restdoes not label sarcoplasmic/endoplasmic reticulum CaATPases (Adamo et al., 1992) . Figure ] i rose up to Յ1 M, the outer plexiform layer, where the synaptic terminals of rods and cones contact horizontal and bipolar denthe recovery time constants were 13.2 Ϯ 1.4 s (n ϭ 28) for cones exposed in Na ϩ -free saline and 11.1 Ϯ 0.6 s drites, less intense but pronounced labeling was observed also in the basal regions of rod and cone inner (n ϭ 51) for cones measured in the control Na ϩ -containing saline. For the rods stimulated with similar brief segments. Figure 3Ba illustrates staining of an enzymatically isolated cone. Again, the most prominent staining puffs of KCl, calcium transients recovered with time constants of 18.9 Ϯ 1.0 s (n ϭ 46) in Na ϩ -free saline, was observed in the synaptic terminal with punctate staining in the inner segment and the ellipsoid. In control not significantly different from 19.1 Ϯ 0.9 s (n ϭ 51), which was measured in the control Na ϩ -containing soluexperiments, using only the secondary antibody, weak staining in the ellipsoid region was also observed, indition. The time constants of recovery were consistently longer in rods than in cones (p Ͻ 0.0001).
cating that the ellipsoid staining was probably nonspecific ( Figure 3Bb ). PMCA antibodies displayed similar In summary, these results indicate that separate mechanisms control calcium extrusion in rod ISs and synaptic staining patterns in both rods and cones. terminals versus OSs: an Na ϩ -dependent mechanism in the OS and an Na ϩ -independent mechanism in the IS and synaptic terminals. Cone ISs also have an Na ϩ -Calcium Is Extruded from ISs via Plasma Membrane Ca-ATPase independent calcium extrusion mechanism.
The experiments below provide confirmatory evidence for PMCA function in photoreceptor ISs.
Plasma Membrane Ca-ATPase Is Immunolocalized to Inner Segments
Lanthanum Extracellular La 3ϩ has been used to block PMCA-depenHaase et al. (1990) showed in the bovine retina that a monoclonal antibody against the Na
2ϩ exdent extrusion in several cell types (Milanick, 1990 ). This action is presumably mediated by increasing the steadychanger exclusively labeled rod outer segments. Their antibody did not recognize cone OSs, nor did it label state level of the activated phosphoenzyme at its extracellular site (Herscher and Rega, 1996) . Figure 4A shows ISs of either photoreceptor class. ] i declined to baseline with a time constant of 50.7 s. The ognizes the "hinge domain" of all PMCA isoforms but ] i plateau produced by La 3ϩ was ob-1982; Milanick, 1990; Trapp et al., 1996) . This attribute of the pump predicts that exchanger-mediated Ca 2ϩ efflux served in 13 rods and 6 cones. (Reichling and MacDermott, 1991) . A parsimonious interpretation of these results is therefore Figure 4C shows the effects of depolarization on intracellular pH in a cone. First, the cell was depolarized for that La 3ϩ blocked the activity of the PMCA and thereby inhibited calcium clearance.
2.4 min with 90 mM KCl in the absence of external Ca 2ϩ ; no change in intracellular pH was detected. Next, a 3.2 Calmodulin Blockers Calmodulin is an allosteric effector of PMCA that acts min superfusion with high KCl in normal extracellular [Ca 2ϩ ] acidified the cell by 0.13 pH units. The absence to extend its activation into the physiological range of [Ca 2ϩ ] i (Carafoli, 1991) . Accordingly, calmodulin antagoof acidification in 0 Ca 2ϩ was seen in 6 of 6 cells. The acidification seen in normal calcium averaged Ϫ0.09 Ϯ nists decrease the rate of pumping by blocking the calmodulin-binding site and decreasing the pump affinity 0.01 pH units for 10 cones and ranged from Ϫ0.05 to Ϫ0.18 pH units. We found that the acidification was for Ca 2ϩ (Gietzen et al., 1981) . We found that superfusion of rod and cone ISs with the membrane-permeable calblocked by 10 M nifedipine (n ϭ 2; data not shown). This confirms that the calcium influx that led to the modulin antagonists trifluoperazine (3-5 M), calmidazolium (2-10 M), and W-13 (1 M) raised baseline acidification was through L-type Ca 2ϩ channels. The KCl-induced acidification we observed did not [Ca 2ϩ ]i and prolonged the recovery from calcium loads. In Figure 4B , brief puffs of KCl were periodically applied result from Ca 2ϩ /H ϩ exchange between the cytoplasm and the intracellular stores. As evidence, we found that to a cone IS. Following exposure to 4 M trifluoperazine, each puff of KCl resulted in a new, higher plateau resemexposure to 5 M cyclopiazonic acid, an inhibitor of the sarcoplasmic/endoplasmic Ca-ATPase, did not prevent bling a staircase, suggesting that the cell was no longer capable of clearing calcium from its cytoplasm. This the KCl-induced acidification (n ϭ 2; data not shown). Additionally, no pH changes were observed when chosame action of trifluoperazine was observed in 7 rods and 4 cones. The staircase-like elevation following a line or Li ϩ was substituted for [Na ϩ ]o, indicating that the acidification was not produced by a reversal of the series of depolarizing steps was similar to that seen in auditory hair cells of turtle following intracellular perfuNa ϩ /H ϩ exchanger (n ϭ 6; data not shown). Finally, an analysis of the proton motive force indicates that the sion with 1 mM vanadate, an intracellular blocker of the PMCA (Tucker and Fettiplace, 1995) . We have observed KCl-induced acidification was not caused by passive net influx of protons into the photoreceptor cytoplasm. that exposure to the calmodulin antagonists calmidazolium at concentrations above 2 M (n ϭ 14/14 cones, At the control extracellular pH of 7.6 and resting membrane potential of Ϫ58 mV, the electrochemical equilib-9/11 rods) and W-13 (n ϭ 3 rods) (data not shown) often resulted in increases in resting [Ca 2ϩ ] i , suggesting that rium for [H ϩ ] would be at pH i ϭ 6.60 (see Saarikoski et al., 1997 Kushmerick and Podolsky, 1969) , a consequence of calcium binding to immobile buffers and its sequestration into intracellular compartments (Fain and Schroder, 1990; Allbritton et al., 1992; Lagnado et al., 1992; see also McCarthy et al., 1996) . In contrast, the unidirectional flow of Na ϩ that ]i rose in a step-like manner after each puff. may reflect the need for faster Ca 2ϩ regulation required (C) Effects of KCl on intracellular pH in a cone. The cell was loaded for synaptic function. We were unable to quantitate with 5 M BCECF-AM and then stimulated with two sequential steps [Ca 2ϩ ]i changes in synaptic terminals at the 100 ms time of KCl. The first step was applied in control superfusate containing scale expected from the cone light response (Schnapf 0 Ca/3 mM EGTA. There was no effect on baseline pH. A subsequent and Copenhagen, 1982) , owing to the limitations in the exposure to 90 mM KCl in control saline resulted in an acidification.
temporal resolution (1 Hz) of the imaging system. The pH changes were calibrated using nigericin.
time constants for extrusion of Ca 2ϩ from inner segments of rods and cones are similar to those reported for two other neurons specialized for tonic release, the Discussion bipolar cell (Tachibana et al., 1993) as well as the slow component of PMCA-dependent Ca 2ϩ extrusion in turtle Here, we report a compartmentalization of calcium regulation mechanisms in a sensory neuron. Not only are hair cells ‫01ف(‬ s; Tucker and Fettiplace, 1995 Matthews, 1992) .
The recording chamber was superfused through a multibarrel quartz tube system controlled by electromagnetic valves, which permitted exchange of solutions within several hundred milli- Carafoli, 1991; Lagnado et al., 1992; Schnetkamp, 1995 (Iuvone et al., 1990;  the interpretation of the results. Rmin, Rmax, and S380b/S340u were deter- Muresan and Besharse, 1993) . Indeed, second messenmined by addition of 10 M ionomycin to the Ca 2ϩ -free (0 Ca/3 mM gers, such as cAMP, can modulate the affinity and Vmax EGTA) superfusate and to the saturating Ca 2ϩ (10 mM) solution, of the PMCA (Carafoli, 1991 need for PMCA in this compartment.
PMCA-Mediated

Image Acquisition
Excitation light was emitted from a 75 W xenon arc lamp passing Experimental Procedures through 340 (10) nm and 380 (10) nm bandpass filters (Chroma, Battleboro, VT) mounted in a filter wheel (Lambda-10, Sutter InstruPreparation of Isolated Cells Neotenic tiger salamanders (Ambystoma tigrinum) were decapitated ments, Novato, CA) and delivered via a scrambler (Technical Video, Woods Hole, MA) to an inverted microscope. A dichroic mirror (Nikon and pithed. Retinas were dissected from the eyecup at room temperature (20ЊC-22ЊC) and in room light, incubated on a shaker in 0 Ca/ DM400) was used together with a water immersion 40ϫ objective (Nikon Fluor, NA 0.85) or an oil immersion 100ϫ objective (Nikon papain (7 U/ml) saline for 25 min and triturated with a BSA-coated flame-constricted pipette. In some experiments, cells were isolated Fluor NA 1.4). The acquired fluorescence signals were integrated on chip by a cooled 12 bit digital CCD camera (PXL, Photometrics, mechanically without papain. All photoreceptors were clearly identifiable as rods or cones by the characteristic shape of their ellipsoid, Tucson, AZ). Image acquisition, background subtraction, and ratio
